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The Ds → npi measured branching could lead to information on u, d quark masses if it is dominated by the (helicity suppressed)
Ds → ud¯ annihilation channel. The data would then suggest anomalously high mu ≈ md ≈ 30MeV masses. We find however
that Ds → ud¯g can explain
∑
Br(Ds → npi) with zero up and down quark masses. We also argue that the present Ds → npi
data may not even convincingly imply any annihilation process whatsoever.
I. INTRODUCTION
While lepton masses are known with high precision,
confinement and chiral symmetry breaking effects pre-
vent exact determinations of the bare lagrangian masses
of quarks. This is particularly true for the light u, d
quarks. That m0u+m
0
d 6= 0 is determined from the pseu-
doscalar pions, the Nambu–Goldstone bosons. The latter
get their mass only from the explicitly chiral symmetry
breaking terms m0uuu + m
0
ddd in the lagrangian. Still,
the basic relation [1] (m0u+m
0
d)〈qq〉 = f2pim2pi leaves some
ambiguity due to the unknown vacuum expectation value
of the light quarks, ∗ so that only roughly can one say
that m0u +m
0
d ≈ 10MeV.
Lepton masses are directly determined from kinemat-
ics. † In principle, inclusive rates like that of τ de-
cay, τ → ντ+ hadrons can be described at high energies
(E ≫ ΛQCD) via a quark process, say τ → ντ + u + d
for the τ decay into nonstrange hadrons and a ντ lepton.
The effect of non–zero small u, d quark masses on the
decay rate is then only O(m2u,m2d
m2
τ
) and is rather small for
mu,d ≤ 10MeV.
There is another interesting way in which non–zero lep-
ton masses are manifested which has to do with chirality
conservation in the weak (or any other gauge) interac-
tion. A given chirality eigenstate of a fermion with mass
m and energy E coincide with the corresponding helicity
state up to m/E admixture of the opposite helicity state.
A well–known argument based [5] on conservation of Jz,
the component of the angular momentum along the decay
∗Indeed only ratio of quark masses can be extracted using
chiral perturbation theory. See Ref. [2] for a recent discussion.
†e.g. the recent measurement [3] of mτ at the e
+e− collider
at Beijing depends on the onset of the τ+τ− signal in the
threshold region.
axis, forbids then the decay π → lνl in the ml = mv = 0
limit. Such a decay only proceeds via the m/E “wrong
helicity” components. The decay rate therefore contains
an “helicity suppression factor” (m2l +m
2
vl
)/m2pi, a feature
utilized in the kinematic searches proposed for finding ν
mixings in π,K decays [6].
Can such helicity suppression due to light quark masses
manifest itself in hadronic physics, and in particular, can
such considerations lead to an independent determina-
tion of m0u + m
0
d? A qualitative manifestation is ex-
pected in the case of glueball physics. The lowest glueball
state is expected to have JPC = 0++ and a mass in the
1.5− 2.0GeV range. The helicity arguments would then
prefer gb → ss (i.e. to hadronic final states with kaons)
to gb→ nπ (i.e. n pion final states). ‡
It has been recently suggested [9] that the decay of
the Ds (the lowest lying bound state of the charm and
strange quarks Ds = (cs)0
−+) into n pions, Ds → nπ,
can be used to actually infer the u and d quark masses.
This would indeed be the case if the decay is dominated
by Ds → ud, Fig. (1). By analogy with the leptonic
decays, one would then expect
∑
nBr(Ds → nπ)
Br(Ds → µνµ ∼
Br(Ds → ud)
Br(Ds → µνµ ∼ 3EQCD
m2u +m
2
d
m2µ
(1)
where a color factor and a moderate QCD enhance-
ment factor, E ≈ a21 ≈ 1.6 [8] were included. Us-
ing the experimental values [4] Br(Ds → µνµ) = .6%
and
∑
nBr(Ds → nπ) ≈ 1.5% (the sum is actually
dominated by the single mode Ds → π+π+π−) large
‡The 1770 0++ glueball candidate suggested recently [7] in-
deed most strongly prefers to decay intoKK contained states.
1
mu ≈ md ≈ 30MeV mass values are inferred. The au-
thors of Ref. [9] call attention to the severe discrepancy
between these values and the more commonly accepted
result that m0u +m
0
d ≈ 10MeV [10].
In the following we point out that (un(!))fortunately
there is no QCD puzzle here. First, because the de-
cay rate Ds → nπ is not anomalously large and can be
accounted for by gluon emission. Second, because the
present data does not convincingly prove the existence
of any annihilation channel with or without gluons and
could still be accommodated by standard “spectator” de-
cay, cs → s + u + d + s, followed by ss annihilation.
Finally, even if the analysis would have indicated unam-
biguously that the masses mu,md required to explain a
large Γ(Ds → ud) rate are mu ≈ md ≈ 30MeV, no true
conflict with QCDwould necessarily emerge. The point is
that when explored at different energies (or momentum
transfers) the u, d quarks may display different masses
interpolating between a “constituent” quark mass mc ≈
300− 350MeV at low energies to m0u ∼ m0d ∼ 10MeV at
very large energies. Having meffu ≈ meffd ≈ 30MeV at
energies of 1GeV = 1
2
MDs , would not present a genuine
inconsistency: it would merely point to the importance
of higher–twist effects.
We now proceed to discuss these points in more detail.
II. DS → U + D¯ +G DECAY RATE
We now present our estimate for the rate Ds → ud¯g
using perturbative QCD (pQCD) methods. Taking that
the emitted gluon hadronizes roughly 2/3 of the time into
nonstrange quark pairs, this mechanism should provide
a rough estimate for the total decay rate into strange-
less hadronic states. The present calculation should be
viewed as complementary to the earlier work of Ban-
der, Silverman, and Soni [11] which used a nonrelativistic
quark model approach. We will comment at the end on
the various approximations that have entered and why
we consider this to be merely an order of magnitude cal-
culation. Nevertheless, it will amply demonstrate that
there is no real case to make that the decay Ds → nπ
is anomalously large. Indeed, it may in fact be smaller
than expected.
The decay mechanism herein being considered is shown
in Fig. (2), where the operator
O1 =
1
4
s¯αγ
µ(1− γ5)cβ d¯βγµ(1− γ5)uα,
(2)
is a color octet interaction. Its Wilson coefficient C1(µ) 6=
0 at scales µ < MW due to QCD evolution. [12]
In the pQCD motivated approach we start with the
lowest order Fock component of theDs meson. The decay
rate then involves a perturbatively calculable hard am-
plitude convoluted with a nonperturbative, soft physics
wavefunction, ψm, of the Ds. The factorization scheme
advocated by Brodsky and Lepage [13] is employed,
whereby the momenta of the quarks are taken as some
fraction x of the total momentum of the parent meson
weighted by a soft physics distribution amplitude φ(x).
A peaking approximation is used for φDs wherein
φDs(x) =
fDs
2
√
3
δ(x− ǫ). (3)
The decay constant of the Ds is fDs (in the convention
fpi = 93MeV) and x is the light cone momentum fraction
carried by the light quark. The parameter ǫ in φDs(x) is
related to the difference in the masses of the Ds meson
and c-quark,
MDs = mc + ΛDs (4)
whereby ǫ = ΛDs/MDs . Note that in a pQCD approach
the mass of the strange quark, being a soft–physics mo-
mentum scale (ms < ΛQCD), is taken to be zero. The
SUf(3) violating effects differentiating between the D
+
s
and the D+ is absorbed in the parameter ǫ for each of
the two mesons.
In the present context, the factorization scheme is aug-
mented by the viability of an ǫ expansion for the decay
amplitude. Only those terms in the decay amplitude that
are leading in an ǫ expansion are kept. This is crucial
not only because higher–order terms in the expansion
are formally higher–twist, but because gauge invariance
is otherwise lost. [14] Thus, only gluon emission from the
strange quark is included since it contains a 1/ǫ arising
from the strange quark’s propagator. To go to higher–
order in the ǫ expansion (by e.g. including gluon emission
off of the charm quark) would necessitate going beyond
the leading logarithm analysis being used for C1(µ) in
order to regain gauge invariance.
The amplitude for the decay Ds → ud¯g is given by
M = G
q·PDs
(
ξµq · PDs + ıǫαβγµPαDsξβqγ
)
×u¯(p1)γµ(1− γ5)ν(p2), (5)
where G is given by
G =
1
6ǫ
GFC1(µ)VcsVudgs(µ)fDs , (6)
ξ is the polarization vector of the gluon and in which all
color indices have been suppressed. The decay rate is
then given by
Γ(Ds → ud¯g) = 5
648π2
αsµ)C
2
1 (µ)
π2ǫ2
(VcsVud)
2G2F f
2
Ds
M3Ds .
(7)
The decay constant of the Ds is obtained from the decay
Ds → µνµ, whereby we get the relation that
Γ(Ds → ud¯g) = αs(µ)C
2
1 (µ)
ǫ2
5
2π
(
MDs
9mµ
)2
Γ(Ds → µνµ).
(8)
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Using the measured branching fraction [4] Br(Ds →
µνµ) = (5.9 ± 2.2) × 10−3, taking ǫ ≈ 1/4,ΛQCD =
.2GeV , µ = MDs , and including a factor 2/3 for the
hadronization of the gluon into nonstrange modes, we
obtain for our estimate for Ds → nπ that
Br(Ds → nπ)(µ2 =M2Ds) = (1.2± .5)%, (9)
in roughly good accord with the data.
Clearly a number of approximations have been made to
obtain this result. There is for example considerable de-
pendence on the scale µ in the above, leading to roughly
a tripling of the predicted branching fraction if one takes
µ =MDs/2. It is also not unreasonable to expect sizable
corrections to the ǫ expansion, which, although found to
work quite well [15] in the case of the two body decays
of the B meson (ǫB ≤ .1), may in fact be marginal in
the present case. Factors of two or so corrections are
hence certainly quite likely. Nevertheless this estimate,
as well as that to be found in Ref. [11] obtained by dif-
ferent means, indicates that at the moment there is no
glaring problem in the decay rate for Ds → nπ.
III. POSSIBLE GENERATION OF DS → Npi VIA
SPECTATOR DIAGRAMS
The spectator diagram, Fig. (3), driven by the opera-
tor O2 in Heff ,
O2 =
1
4
s¯αγ
µ(1− γ5)cα d¯βγµ(1− γ5)uβ , (10)
is the leading decay mechanism of the charm quark (C2 ≈
1.25) and in the presence of the spectator s¯ quark found
in the Ds meson, leads to a 4 quark state. Note that the
fact that the d¯, u quark system (as well as separately the
ss¯ pair) form a color singlet, distinguishes these diagrams
from the annihilation mechanisms of Section (II). These
features are nicely reflected in the final hadronic systems
containing mesons with an ss¯ component: [4]
Br(Ds → φπ) = 3.5%, Br(Ds → φρ+) = 6.5%,
Br(Ds → ηρ+) = 10.0%, Br(Ds → η′ρ+) = 12.0%,
Br(Ds → η′π+) = 4.7% (11)
or strange meson pairs (thru color rearrangement in final
state by soft gluon exchanges)
Br(Ds → KK¯) = 3.5%, Br(Ds → K∗K¯) = 7.5%,
Br(Ds → K∗K¯∗) = 5.6%. (12)
Along with ∼ 20% semileptonic (eνeX,µνµX) branch-
ings, ∼ 7% purely leptonic (0.6%µνµ and (mτ/mµ)2(1−
m2τ/M
2
Ds
)2 times as much Ds → τντ , and some genuine
multibody decays, this could roughly account for the full
Ds decay. Thus from this particular viewpoint, there
is no need for a strong Ds annihilation channel.
§ It
is furthermore conceivable that some final state interac-
tions will admix a few percent nonstrange final states
and hence account for the observed Ds → nπ rate even
without invoking Ds annihilations.
If the Ds → nπ decays are indeed dominated by Ds →
ud¯, the pattern of these decay is rather puzzling.
1. e+e− → hadrons proceeding via e+e− → qq¯ pro-
duces atW = 2GeV an average multiplicity of ≈ 5.
Why does the ud¯ system in Ds annihilation pre-
dominantly hadronize into a 3π system?
2. Granting that Ds → ud¯ → π+π+π− is the dom-
inant mode, why is the ρπ component so small:
Br(Ds → ρπ) ≤ .3% with 90% c.l., or Br(Ds →
ρπ)/Br(Ds → 3π) ≤ .2? Considering the fact
that the Br(Ds → K+K−π+) is dominated by the
branching into the two bodyK∗K¯ channel, the lack
of the ρπ final state is puzzling. ∗∗
Both these puzzles are readily explained if Ds →
π+π+π− originates from Ds → (X0)ss¯ + π+ generated
via the standard spectator decay diagram. The (X0)ss¯
should be a resonance with a strong ss¯ component which
decays into π+π− with a substantial rate (but not into
π+π−π+π−!). These requirements are all satisfied by the
f980 state. Amusingly, the original experiment [16] did
find evidence for substantial Ds → f980 + π+ decay, ac-
counting roughly for 30% of Ds → π+π+π−. If the width
of the f980 is much larger than the Γ ≈ 50MeV implied
in the fit in this experiment, Ds → f980 + π+ could con-
ceivably be dominant! Hopefully this issue will be soon
settled by the new Fermilab experiment.
IV. HIGHER TWIST EFFECTS: RUNNING,
NON-PERTURBATIVE U,D QUARK MASSES
The effects of spontaneous chiral symmetry break-
ing (SχSB) are often parametrized as giving the origi-
nal, almost massless u, d quarks substantial “constituent”
masses, mcu ≈ mcd ≈ 350MeV. Viewing the lagrangian
quarks as bare point–like quanta, the “constituent
quarks” are then the corresponding “quasi–particles” ob-
tained by attaching a cloud of gluons and qq¯ pairs. This
cloud endows the quarks with their constituent mass.
This physical picture suggests that when probed with
some momentum transfer or some energy E the quarks
§Though such an annihilation channel was originally invoked
in Ref. [11] as in the D0 decay in order to explain the shorter
lifetime τDs < τD0 .
∗∗Note however that such a suppression is natural in the
mechanism considered in Section (II), Ds → ud¯g, where one
expects a leading hadron formed from each of the three out-
going partons.
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will exhibit some effective mass meffu,d (E). Roughly
speaking, only some “inner core” of radius r ≈ 1/E of the
“cloud” around the constituent quark will be probed in
this case and only those chiral symmetry breaking effects
which are generated on distance scales ≤ r will become
manifest.
The meffq (E) curve interpolates between m
eff
q (E) =
m0q at large energies and m
c at small E. Its actual shape
depends on the QCD dynamics underlying the SχSB.
If SχSB is due to the same mechanism which gener-
ates confinement [17], then the constituent quarks would
have hadronic sizes and meffq (E) would be expected to
abruptly decrease as E is increased beyond .3 − .5GeV.
If on the other hand, SχSB is, to a large extent due to
gauge field configurations of small distance scales, then
the meffq (E) curve would be much flatter. A remnant
“constituent” mass of say meffu ≈ meffd ≈ 30 − 40MeV
might then conceivablely linger at E = 1
2
MDs and man-
ifest in Ds → ud¯ annihilation. Such high values would
of course have important repercussions, indicating that
nonperturbative effects in the 1− 2GeV region are much
more than previously believed. †† Still no true conflict
with the m0u,d = 10MeV determination follows, although
in view of the previous two sections, this observation is
mainly of academic interest.
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FIG. 1. The annihilation diagram for Ds → ud¯. The op-
erator O2 is defined in Section (III). This process, as well as
additional gluon emission from the outgoing light quarks, is
helicity suppressed.
FIG. 2. The leading contribution for Ds → ud¯g. Emis-
sion from the charm quark is subleading. Its inclusion would
require decomposing the operator O1 to restore gauge invari-
ance.
FIG. 3. The dominant decay mechanism of the Ds.
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